TiSi 2 -type intermetallic compounds RuGa 2 and RuAl 2 have narrow band gaps of approximately 0.3 eV and relatively large power factors of between 600-900 K. However, the maximum values of the dimensionless gure of merit, ZT, for RuGa 2 and RuAl 2 are 0.5 and 0.2, respectively, due to a high lattice thermal conductivity. We investigated the phonon properties of these compounds using rst-principles calculation and Raman spectroscopy and developed a method to reduce the lattice thermal conductivity of both compounds. Phonon dispersion relations and density of states were obtained from a real-space force constants method based on supercells with nite displacements. The calculated zone-center wavenumbers were comparable to the experimental Raman wavenumbers. The phonon group velocities of the acoustic branches agreed with the experimental transverse and longitudinal speeds of sound. Differences between the phonon dispersion of RuGa 2 and RuAl 2 were attributed to the fact that Ga is a heavier and weaker bonding element than Al. According to the calculated partial phonon density of states, acoustic phonon modes of RuGa 2 and RuAl 2 are strongly in uenced by the Ga site and Ru site, respectively. Substitution of heavier atoms onto these sites would effectively reduce the averaged phonon group velocity and lattice thermal conductivity of these compounds.
Introduction
Improving the ef ciency of thermoelectric power generation via direct conversion of waste heat into electrical energy could allow the technology to be used as a sustainable energy supply. The conversion ef ciency of a thermoelectric material is governed by the dimensionless gure-of-merit, ZT = S 2 σT/κ, where S, σ, κ, and T are the Seebeck coef cient, electrical conductivity, total thermal conductivity, and temperature, respectively. κ is expressed as the sum of the electron contribution, κ el , and the phonon contribution, κ ph .
Readily available packaged programs for rst-principles calculation enable researchers to easily understand how physical properties are related to electronic structures. Our group has investigated thermoelectric properties of narrow band gap binary intermetallic compounds comprised of group-13 and transition metal elements using electronic structure calculations. [1] [2] [3] [4] [5] In the current study, we focus on TiSi 2 -type RuGa 2 and RuAl 2 , which are Nowotny chimney-ladder phases. These compounds have a narrow band gap, approximately 0.3 eV near the Fermi level, which leads to a high power factor, S 2 σ, in a mid-temperature range (RuGa 2 : 2.8 mW m
at 700 K, RuAl 2 : 1.6 mW m −1 K −2 at 800 K). 1, 2) However, the κ of RuGa 2 is high compared with other practical thermoelectric materials (4-6 W m
) and the maximum ZT value is limited to 0.50 for p-type RuGa 2 .
2) κ of RuAl 2 is approximately twice the κ of RuGa 2 and the maximum ZT is 0.20 for p-type RuAl 2 .
1) Theoretical calculations using Boltzmann transport theory within the constant relaxation time and rigid band approximations indicate that the maximum ZT value of RuGa 2 can reach 0.75 for p-type and 2 for n-type. 3) However, experimental carrier doping of RuGa 2 via transition metals substitution on the Ru site (hole doping: Re, electron doping: Ir, Rh, Co, Ni and Pd) [3] [4] [5] was not able to achieve the theoretically predicated ZT values. Ponnambalam et al. 6) reported that carrier doping of RuGa 2 (Cr, Mn, Si and Co) below room temperature resulted in the effective mass of n-type RuGa 2 being larger than that of p-type RuGa 2 , as expected from band structure, leading to a larger absolute value of S for n-type RuGa 2 at the same doping level. However, they also were not able to improve the ZT value. Similarly, enhancement of thermoelectric properties via carrier doping has not been reported for RuAl 2 .
6,7)
For RuGa 2 and RuAl 2 , reducing κ ph without decreasing the intrinsically high S 2 σ is essential to improve the ZT value. Nanoscale structure control has been found to play an important role in κ ph reduction. [8] [9] [10] [11] We reported that spark plasma sintering (SPS) nano-sized powder samples prepared by ball-milling reduces κ ph without signi cantly decreasing S 2 σ , especially near room temperature for RuGa 2 .
12) To further reduce κ ph and improve ZT, the phonon properties need to be understood from a microscopic perspective. Some approaches to rst-principles-based phonon calculations are implemented in the packaged programs, which are widely used for analysis of thermodynamic properties at nite temperatures. [13] [14] [15] Non-empirical approaches for phonon transport analysis have been developed and applied not only to simple structures such as a half-Heusler 16) and lead chalcogenide 17) but also to relatively complex structures such as a lled skutterudite. 18) Despite several electronic structure calculations for RuGa 2 and RuAl 2 , there have not been both theoretical and experimental reports on phonon properties. A detailed and accurate understanding of both electron and phonon transport is necessary to enhance thermoelectric properties. In this study, we report the validity of approach for RuGa 2 and RuAl 2 using rst-principles-based phonon calculations and experimental Raman spectra and speed of sound measurements.
Computational and Experimental Procedures
First-principles calculations were performed using the projector augmented-wave method 19, 20) and the generalized gradient approximation functional parameterized by Perdew, Burke and Ernzerhof (GGA-PBE) 21) implemented in the Vienna ab initio simulation package (VASP) code. [22] [23] [24] Crystal structures of RuGa 2 and RuAl 2 were fully relaxed until residual forces were less than 0.02 eV/Å. The cutoff energy for the plane wave basis was 400 eV and 4 × 4 × 4 k-point sampling meshes based on the Monkhorst-Pack scheme 25) were used. Phonon calculations were performed using the PHO-NON code. 26) Based on the harmonic approximation, the whole set of force constants was obtained from HellmannFeynman (HF) forces generated by a non-equivalent atomic displacement in the supercell of the given crystal structure. A dynamical matrix was constructed from HF forces acting on all atoms in the supercells with the displaced atom, and phonon frequencies were calculated by solving the eigenvalue problem for the dynamical matrix. 26) In the present study, 2 × 1 × 1 supercells of conventional unit cells (48 atoms/cell) were constructed for RuGa 2 and RuAl 2 . 2 × 2 × 2 k-point sampling meshes were used in the supercell calculations. Nonequivalent atomic displacements of ±0.2 Å were employed for the force constants calculations. The in uence of longitudinal optical/transverse optical mode splitting was not considered.
Polycrystalline RuGa 2 and RuAl 2 samples were synthesized with nominal compositions of Ru 33.4 Ga 66.6 and Ru 31.0 Al 69.0 , respectively. Powder Ru (3N purity; Rare Metallic Co. Ltd, Tokyo, Japan), Al (4N purity; Kojundo Chemical Laboratory Co. Ltd, Tokyo, Japan), and grain Ga (7N purity; Kojundo Chemical Laboratory Co. Ltd, Tokyo, Japan) were arc-melted (NEV-ACD-05; Nissin Giken Co., Saitama, Japan) under an argon atmosphere. The mother ingots were ground with an agate motor and the powder samples were set in a 10 mm-diameter carbon die with carbon spacers for the SPS process. The temperature of the specimens were increased from room temperature to 1223 K with a uniaxial pressure of 56 MPa under an argon atmosphere and then held for 10 min and 30 min for RuGa 2 and RuAl 2 , respectively. Phase identi cation was performed using X-ray diffraction (XRD) measurements using Cu Kα radiation (Smartlab; Rigaku Co., Tokyo, Japan). After XRD con rmed the formation of a single phase for the sintered bulk RuGa 2 and RuAl 2, Raman scattering spectroscopy measurements were performed at room temperature using unpolarized laser excitation with a wavelength of 488 nm (inVia Raman microscope; Renishaw plc., Wotton-under-Edge, UK). The transverse and longitudinal speeds of sound were measured using an ultrasonic pulse echo method (Echometer 1062; Nihon Matech Co., Tokyo, Japan). Figure 1 shows the TiSi 2 -type crystal structure (space group Fddd) for RuGa 2 and RuAl 2 (2 × 1 × 1 supercell) and Table 1 lists the lattice parameters and internal coordinates of each atomic site after the structure optimization. The conventional cell contains 24 atoms. Figure 2 shows the rst Brillouin zone together with the high-symmetry points used for the calculations. Figures 3(a) and (b) show the calculated phonon dispersion curves for RuGa 2 and RuAl 2 , respectively. Because the primitive cell contains six atoms, 18 phonon modes exist. Table 2 lists the phonon group velocity of the transverse acoustic (TA) and longitudinal acoustic (LA) modes in the 
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[100] direction calculated from the slope of the dispersion curves near the Γ point. The difference between phonon group velocities of RuGa 2 and RuAl 2 were the result of Al being completely substituted by Ga, a heavier and more bond-weakened element. 27) Table 2 also lists the experimental transverse and longitudinal speed of sound. The calculated phonon group velocities of both RuGa 2 and RuAl 2 agreed with the experimental speed of sound, which indicates the validity of the calculated dispersion relation of the acoustic modes near the Γ point. Table 2 shows the ratio of the phonon group velocity, the experimental speed of sound, and M −1/2 ave , where M ave is the averaged atomic mass. The fact that the ratio of M −1/2 ave was smaller than the phonon group velocity ratio indicates that the lower bond strength and the mass difference between Ga and Al atoms in uence the phonon group velocity.
Figures 4 and 5 show the Raman spectra measured with a laser power of 0.5 mW for RuGa 2 and RuAl 2 , respectively. TiSi 2 -type structure belongs to the point group D 2h . The irreducible representations of the phonon modes at Γ point can be written as:
and the acoustic, Raman-active, and infrared-active modes are Table 3 lists the assigned modes for each crystallographic site at the Γ point. Although some peaks overlapped because of peak broadening for RuGa 2 , most of the calculated Raman-active modes frequencies agreed with the peak positions in the measured Raman spectrum. The observed peak shift could be due to stress and/or strain in the polycrystalline bulk sample. Although the signal-to-noise ratio was low, the calculated frequencies of the Raman-active modes of RuAl 2 were comparable with the peak positions in the Raman spectrum measured from RuAl 2 . Tables 4 and 5 summarize the peak positions in the measured Raman spectrum and the calculated frequencies of the Raman-active modes and corresponding vibrational modes. We considered the observed peaks for RuAl 2 in the wavenumber range 250-320 cm −1 as noise and omitted them from Table 5 . Figures 6(a) and (b) show the calculated phonon density of states (PDOS) and the partial PDOS of each atomic site for RuGa 2 and RuAl 2 , respectively. Flat dispersions of optical modes lying at the frequency region from 7 THz to 8 THz for RuGa 2 (shown in Fig. 3(a) ) correspond to the highest peak of PDOS (shown in Fig. 6(a) ). Such at phonon dispersions were also observed for Mg 2 Si, 28) a high-performance thermoelectric material. In contrast, sharp peaks originating from at dispersions were not observed for RuAl 2 . As shown in Fig. 6(b) , some sharp peaks were present near 7 THz and 9 THz, which correspond to a deep trough of the PDOS for RuAl 2 . The maximum frequency of the optical mode was approximately 8.5 THz for RuGa 2 and as high as 14 THz for RuAl 2 . These differences are present because Ga is a heavier and more bond-weakened element than Al. 27) Table 2 lists the ratio of M −1/2 red , where M red is the reduced mass. The M −1/2 red value of 1.48 was smaller than the ratio of the maximum frequency of the optical mode (14 THz/8.5 THz = 1.65). Thus, similar to the phonon group velocity, the reduced bond strength, as well as the mass difference between Ga and Al atoms, can in uence the phonon dispersion. The optical modes of RuGa 2 signi cantly overlapped with the LA mode; the overlap was small for RuAl 2 . The Umklapp scattering rate would be higher for RuGa 2 than RuAl 2 because of the low-energy optical modes. The fact that κ ph of RuAl 2 was twice as large as κ ph of RuGa 2 1) re ects the characteristics of the phonon dispersion relation for these compounds.
The PDOS peaks corresponding to the acoustic modes were in the frequency range from 2 THz to 3 THz for RuGa 2 and from 4 THz to 6 THz for RuAl 2 . The frequency distribu- 1053 First-Principles-Based Phonon Calculation and Raman Spectroscopy Measurement of RuGa 2 and RuAl 2 tion of the partial PDOS is largely in uenced by the mass and concentration of the constituent atoms. The partial PDOS indicate that the acoustic modes can be mainly attributed to the vibration of Ga site for RuGa 2 . Because the partial PDOS of the Al site for RuAl 2 was at a higher frequency than the partial PDOS of the Ga site for RuGa 2 , the vibration of the Ru site contributed to the acoustic modes for RuAl 2 more than the vibration of the Al site. These results on the partial PDOS are mainly attributed to the fact that the percentage of Ga atoms in the mean atomic weight of RuGa 2 is 58%, whereas the percentage of Ru atoms in the mean atomic weight of RuAl 2 is 65%. The constituent atoms which have larger percentage in the mean atomic weight contribute more to the acoustic mode. Based on the PDOS, the phonon group velocity and κ ph can be effectively reduced by substituting a heavier element on the Ga site of RuGa 2 and on the Ru site of RuAl 2 , which will shift the peaks of the acoustic modes to the lower-frequency region.
Conclusion
Phonon properties of RuGa 2 and RuAl 2 , which have large power factors (RuGa 2 : 2.8 mW m −1 K −2 at 700 K, RuAl 2 : 1.6 mW m −1 K −2 at 800 K), were investigated using rst-principles calculations and experimental Raman spectroscopy and speed of sound measurements. The validity of the calculated phonon dispersions were partially con rmed by comparing the calculated results with the Raman spectra and speed of sound measurements. The calculated phonon dispersion and density of states gave qualitative information about the differences between the lattice thermal conductivity of RuGa 2 and RuAl 2 . We con rmed that acoustic modes primarily originate from the Ga site of RuGa 2 and from the Ru site of RuAl 2 . Phonon group velocity and lattice thermal conductivity could be effectively reduced by substituting heavy elements for the atomic sites contributing to the acoustic modes. These results indicate that rst-principles-based phonon calculations give important information for designing thermoelectric materials.
